While the anatomy of the human brain is well defined, the functional connectivity of its structures is far less understood. Modern neuroimaging techniques offer the unique opportunity of visualizing physiologic activa tion in central nervous structures and of identifying the elements underlying distributed networks for information processing. Following improved spatial resolution of deoxyhemoglobin-sensitive magnetic resonance imaging, we were able to detect simultaneous signal changes in the Within the last decade, functional neuroimaging has considerably contributed to our understanding of human brain function. In particular, positron emission tomography (PET) has delineated activa tion of brain structures based on changes in cerebral blood flow and metabolism (e. g. , Raichle, 1987; Fox et aI. , 1988). Unfortunately, PET studies are limited both in temporal and in spatial resolution and allow no direct correlation with anatomic struc tures. More recently, magnetic resonance (MR) im aging has been successfully employed in functional brain mapping by exploiting its sensitivity to activ ity-related changes in cerebral blood volume, cere bral blood flow, and oxygenation level (Belliveau et aI. Abbreviations used: LGN, lateral geniculate nucleus; MR, magnetic resonance; PET, positron emission tomography; ROI, region of interest.
Summary: While the anatomy of the human brain is well defined, the functional connectivity of its structures is far less understood. Modern neuroimaging techniques offer the unique opportunity of visualizing physiologic activa tion in central nervous structures and of identifying the elements underlying distributed networks for information processing. Following improved spatial resolution of deoxyhemoglobin-sensitive magnetic resonance imaging, we were able to detect simultaneous signal changes in the Within the last decade, functional neuroimaging has considerably contributed to our understanding of human brain function. In particular, positron emission tomography (PET) has delineated activa tion of brain structures based on changes in cerebral blood flow and metabolism (e. g. , Raichle, 1987; Fox et aI. , 1988) . Unfortunately, PET studies are limited both in temporal and in spatial resolution and allow no direct correlation with anatomic struc tures. More recently, magnetic resonance (MR) im aging has been successfully employed in functional brain mapping by exploiting its sensitivity to activ ity-related changes in cerebral blood volume, cere bral blood flow, and oxygenation level (Belliveau et aI. , 1991; Bandettini et aI., 1992; Frahm et aI., 1992; Kwong et aI. , 1992; Ogawa et aI. , 1992) . However, despite a considerable gain in temporal resolution with respect to PET, the improvement in spatial lateral geniculate nucleus and primary visual cortex dur ing periodic photic stimulation. Visualization of coupled activation by cross-correlation analysis resulted in the first demonstration of thalamocortical interaction in the primary visual pathway of the intact human brain. Key Words: Magnetic resonance imaging-Functional activa tion-Brain mapping-Cerebral blood flow-Blood oxy genation.
resolution remained marginal. Consequently, most early applications were confined to primary cortices as large surface structures and included signals aris ing from large draining veins.
In previous work we have demonstrated that deoxyhemoglobin-sensitive MR images of func tional brain activation (Frahm et aI. , 1993) may be obtained at a resolution similar to that of anatomic MR images. This was achieved by a low flip angle gradient echo sequence on a conventional high-field MR imaging system (Frahm et aI., 1991) . In the present study, we applied this technique to resolve activation in the primary visual pathway. The pur pose of this study was twofold: first, to demonstrate visually induced activation of the lateral geniculate nucleus (LGN) as the small specific thalamic relay nucleus; and second, to develop strategies for eval uating functional connectivity of subcortical and cortical structures in the simple model of thalamo cortical transmission in a primary pathway.
METHODS
Nine healthy volunteers (mean age 25 years, range 21-31 years, written informed consent prior to investigation) underwent MR imaging at 2.0 T (Siemens Magnetom) us ing the standard radiofrequency headcoil and radiofre quency-spoiled FLASH (fast low angle shot) sequences for rapid imaging. A mediosagittal section from a three dimensional set of Tl-weighted MR images (partition thickness 4 mm, field of view 250 mm, flip angle 20°, repetition time 15 ms, echo time 6 ms) was used for se lecting the biocommissural plane ( noise by replacing each image by a 1-2-1-weighted mean of the preceding, actual, and following image (Fig. 2) . To evaluate functional connectivity between different sites, cross-correlation functions of signal intensity time courses were calculated between different ROIs (Fig. 3 ). Fig. 1 c and d . The data were normalized to the mean of the first five images of the series.
J Cereb Blood Flow Metab, Vol. 14, No.6, 1994 This approach was then extended to temporally unfilt�red image datasets by a pixel-by-pixel cross-correlation of signal intensity time courses with that of a reference ROI in primary visual cortex. Pixel intensities in the resulting cross-correlation map (Fig. 4) 
RESULTS
In all subjects visual stimulation induced a tran sient and focal increase of MR signals both in the visual cortex and in the LGN as identified on ana tomic MR images (Fig. 1) . In agreement with pre vious observations at high spatial resolution, signal changes in visual cortex showed considerable spa tial neterogeneity (Frahm et ai., 1993) . In subse quent quantitative analysis performed in ROls, am-plitudes of stimulus-related signal increases in the LGN were smaller than in major locations of the visual cortex (Fig. 2) . Therefore, this physiologic subcortical response is not as easily demonstrated on a conventional subtraction image of "activated" and "resting" states as the concomitant cortical ef fect. However, in contrast to control regions, e. g., in adjacent gray matter (cf. Fig. Ie) , frequency and phase of the temporal pattern of signal changes in cortex and LGN were identical and clearly modu lated by the stimulation protocol applied. Hence, cross-correlation analysis revealed a tight coupling of signal changes between cortex and LGN with a periodicity corresponding to one full cycle of photic stimulation and darkness (Fig. 3) . These findings prompted the development of an algorithm that visualizes coupled activation based on cross-correlation with a visual cortical reference region. Such cross-correlation maps show highly localized bilateral peaks of coupled activation at sites corre sponding to the anatomic location of the LGN (Fig.  4) . This demonstration of functional connectivity within the geniculocortical pathway parallels con nectivity as defined morphologically postmortem or electrophysiologically in animal experiments.
DISCUSSION
Signal alterations in functional MR imaging are generally considered to reflect changes in blood ox ygenation with paramagnetic deoxyhemoglobin serving as an endogeneous contrast agent (Thulborn et aI., 1981; Ogawa et aI., 1990) . However, the physiologic mechanisms underlying MR activation studies are not yet fully understood. Optical imag ing has demonstrated a coupling of the microcircu latory response to neuronal activity in monkey vi sual cortex. In particular, signals arising from oxy gen delivery via capillaries were closely related to the topographic pattern of functional architecture, whereas the spatial distribution of stimulus-related changes in cerebral blood volume was less specific in this regard (Frostig et aI., 1990) . In principle, most functional MR techniques are sensitive to both increases in cerebral blood flow (i.e., reduced spin saturation) and decreases in de oxyhemoglobin (i.e., reduced spin dephasing) associated with the acti vated state. Modifications of acquisition parameters of low flip angle gradient echo images are promising in the attempt to discriminate their respective con tribution to the activity-related signal change (Frahm et aI., 1994) .
The pronounced MR signal changes previously reported for primary cortices are likely to represent large veins draining activated cortical areas. In the present study, we therefore carefully excluded ves sels identifiable on flow-sensitized MR images from the ROI analysis ( Fig. 1) . Of course, the interpre tation of the spatial activation pattern also needs to consider the influence of the vascular architecture at the microscopic level. Capillaries of human pri mary visual cortex have been shown to exhibit a maximum of density and diameter in layer IV as the main recipient of thalamocortical afferents (Bell and Ball, 1985) . Consequently, tissue oxygenation in the visual cortex should be highly dependent on input via the specific geniculocortical pathway, which is in agreement with the data presented here.
While most methods for recording neuronal acti vation are biased in favor of surface structures and/ or apply invasive procedures and ionizing radiation, functional MR imaging allows noninvasive studies encompassing the entire human brain at un�ur passed spatial resolution. Moreover, the investiga tion of temporal response patterns during dynamic data acquisition and their evaluation with use of correlational analyses (Bandettini et aI., 1993) pro vide a new basis for the elucidation of functional connectivity. Here, cross-correlation with the ac tual stimulus protocol as a box-car waveform turned out to be less powerful than the use of an "internal" reference. While other "external" refer ences modeled to account for perfusion dynamics may prove helpful, we found "internal" references to be advantageous in directly determining distant sites of coherent activation.
The present findings exemplify one domain of fu ture applications, i.e., the analysis of corticosub cortical interactions including the recording of the functional state of small subcortical nuclei. While some of the latter are involved in signal transduc tion as relay nuclei within specific pathways, others modulate thalamocortical transmission and more generally cognitive function via unspecific projec tions (McCormick, 1992) . It should be pointed out that such analyses can be performed in single sub jects. This not only allows accounting for intersub ject variability, but extends applications to various disease states of the brain either with focal ana tomic distortions, e.g., tumor and stroke, or global impairment in case of neurodegeneration. Thus, functional MR imaging will provide an indispens able tool for future efforts in human neuroscience.
